Highly confined Love modes are demonstrated in a phononic crystal based on a square array of etched holes in SiO 2 deposited on the ST-cut quartz. An optimal choice of the geometrical parameters contributes to a wide stop-band for shear waves' modes. The introduction of a defect by removing lines of holes leads to the nearly flat modes within the band gap and consequently paves the way to implement advanced designs of electroacoustic filters and high-performance cavity resonators. The calculations are based on the finite element method in considering the elastic and piezoelectric properties of the materials. Interdigital transducers are employed to measure the transmission spectra. The geometrical parameters enabling the appearance of confined cavity modes within the band gap and the efficiency of the electric excitation were investigated.
I. INTRODUCTION
Phononic crystals (PnCs), as an elastic analog of the photonic crystals, have received increasing attention in the last two decades. PnCs are widely investigated for their potential applications in various areas, including RF communications [1] [2] [3] [4] [5] [6] [7] , acoustic isolators [8] [9] [10] [11] [12] [13] , sensors [14] [15] [16] [17] [18] [19] , thermoelectric materials [20] [21] [22] [23] and meta-materials [24] [25] [26] [27] [28] [29] [30] [31] [32] . Composed of 1D, 2D, or 3D periodic arrays of inclusions embedded in a matrix, PnCs give rise to the complete or partial band gaps for both bulk acoustic waves (BAW) [1, 5, [33] [34] [35] [36] and surface acoustic waves (SAW) [9, 12, [37] [38] [39] [40] [41] [42] [43] [44] . The introduction of defects into PnCs is at the origin of multiple applications such as waveguide [2, 45, 46] , cavity [1, 47, 48] , filter [5, 49] and multiplexer [50] . Most research on the defect modes is based on the bulk waves [1, 2, 5] , Rayleigh waves [51] and Lamb waves [47, 52] , while sensors, especially the biosensors, are based on the Love waves and antisymmetric Lamb waves, which are compatible with the liquid environment [15, 16] and leak less energy in the liquid. However, Lamb waves propagate on the extremely thin slabs, making them comparably fragile and therefore difficult to manipulate. Whereas Love waves, a shear horizontal (SH) polarized SAW, exist in the guiding layer deposited on a semi-infinite substrate, which guarantees both the confinement of the energy and the toughness of the device, in comparison with the Lamb waves devices. In recent years, the partial band-gap effect of PnCs on Love waves has been reported and a reflective grating was then proposed [12, 43] . Nevertheless, the exploitation of Love waves interacting with the defect states in PnCs remains to be investigated.
In this paper, we demonstrate the acoustic band gap effect in a 2D PnC consisting of a square array of holes a) Electronic mail: yuxin.liu@phd.ec-lille.fr in a thin amorphous SiO 2 (silica) layer covering a ST-cut quartz substrate. Localized defect or cavity modes in the band gap which are introduced by removing lines of holes in the lattice are observed. The efficiency of cavity modes in the isolation of PnC is investigated as a function of the geometrical parameters of PnC and cavity. These effects are used to design micro-electromechanical resonators with highly confined cavity modes of Love waves. The band structures and transmission spectra are calculated with the finite element method (FEM, COMSOL Multiphysics ). The transmission spectra are compared with the dispersion curves and the resonant frequencies, showing good compatibility. 
II. MODELS AND SIMULATION
The guiding layer of Love waves is silica (ρ = 2200kg/m 3 ,E = 70GPa, ν = 0.17), with a height of H = 2.4µm, covering a 40µm-height 90ST-cut quartz substrate (Euler angles=(0°, 47.25°, 90°), LH 1978 IEEE), which has been rotated 90 degrees around the z-axis from the ST-cut quartz, for a fast SH waves (5000m/s) can be generated by the electric field. The shear wave velocity in the silica film is 3438m/s, less than that in the 90ST-cut quartz substrate, indicating the existence of Love waves. The cylindrical holes in the silica film have a radius of r = 1.2µm. The square array period or the lattice constant is a = 4µm. The air hole is chosen because of its strong contrast in density and elastic constants with regard to the silica. A unit cell of the PnC constructed in COMSOL, showing in Fig 1(a) , is employed to calculate the dispersion curves or the band structure. Floquet periodic boundary conditions are applied along the x and y directions to form a whole crystal, and the bottom of the substrate is assumed fixed. Love waves propagate along the x-axis (the y-axis of the ST-cut quartz), where Rayleigh waves can not be generated [12] due to a zero electromechanical coupling factor to the substrate. The first Brillouin zone (BZ) of the PnC is shown in Fig 1(b) . Considering the anisotropy of the quartz substrate, the irreducible BZ is a square bounded by Γ-X-M-Y-Γ. The surface of the PnC coincides with the plane z = 0. The wavelength normalized energy depth (NED) is calculated to select the surface modes for which is less than 1.
T ij is the stress and S ij the strain. The asterisk (*) signifies the complex conjugate. D denotes the whole domain of the unit cell. λ is the wavelength. Note that the integral in the denominator is the total acoustic potential energy in the unit cell and that the integral in the numerator is weighted by the depth of the point where the acoustic energy is not zero. That means if the average depth of the energy is less than the wavelength, the NED will be less than 1. The NED can well select the modes with speed less than the SH wave velocity of the substrate, where the wave vector k is relatively large. As for a relatively small k, λ is fixed to 2a that is resulting from k = π a and k = 2π λ . Moreover, the NED can filter out the plate modes appeared in our finite-depth substrate which is supposed to be semi-infinite for Love waves.
Surface modes include SH type SAW and Rayleigh type SAW. The ratio of SH polarization is calculated to distinguish between Love waves and Rayleigh waves.
u x , u y and u z are respectively the displacements along the x, y, z directions. u SH is the SH displacement component that can be expressed as u x cos θ − u y sin θ, which is perpendicular to the wave vector k. θ is the angle between k and the y-axis with tan θ = kx ky . The complete band structure calculated with COMSOL is shown in Fig 2(a) . The gray part is the radiation zone, where the waves diffuse to the volume (the bulk waves). The black line is the dispersion relation of the SH waves (here the fast shear waves) in the substrate, according to v = 2πf k . The curves in red and yellow denote the surface polarization modes. With the change of propagation direction, certain modes become gray as they start to diffuse into the volume. The modes colors are determined by their SH ratio. The red modes have a large SH ratio, indicating the Love modes. The yellower the modes, the closer they are to the Rayleigh type. Orange implies a coupling between Love modes and Rayleigh modes. In the Γ-X direction, the Love waves are not coupled to the Rayleigh waves, showing a large band gap ranging from 374.9 to It is found that the polarizations along the x-axis and the z-axis are negligible compared with the polarization on the y-axis, which means the polarizations of the two modes are horizontally perpendicular to the wave propagation direction (x-axis), proving that they are of SH type. Due to the exclusive generation of Love waves by the generated electric field, we only consider the Love modes in the rest of this paper. As the wave vector deviates from the x-axis, the band gap closes in the center of X-M. Therefore the propagation direction for calculating the transmission is along the x-axis. The calculation of transmission spectra is realized by simulating a SAW device consisting of two parts of aluminum inter-digital transducers (IDTs) and a PnC located between the IDTs. The height of IDTs is h IDT = 200nm. The IDTs are constructed on the quartz surface which is piezoelectric to generate the electric field. The graphic representation of the model is shown in Fig 5(a) . Since the device has translational symmetry along the yaxis which is perpendicular to the direction of propaga- . v is the velocity of Love waves for H = 0.6a, resulting from the basic dispersion relation of Love waves. That is, each frequency corresponds to a single wave velocity and wavelength. This frequency response is then normalized by that of the matrix (without PnC) to show the transmission loss contributed by the PnC only. Our previous work [53] has proved the reliability of this model, giving coincident results between simulations and experiments. Fig 5(c) shows the normalized transmission spectra of the PnC, calculated with 10 PnC holes in center and 20 IDT fingers on each side. The attenuation appears clear and is consistent with the band structure prediction.
The resonator is realized by removing W lines of holes along the y direction in the PnC lattice, forming a cavity perpendicular to the propagation direction. A supercell containing 1×(6 + W/a) unit cells is constructed and shown in Fig 6(b) , with periodic boundary conditions applied in the x and y directions. Here we set the cavity width to W = 5a. The band structures of Love waves in the PnCs containing the defect are calculated along Γ-X and are shown in Fig 7(a) and (d) , for r/a=0.2 and 0.3 respectively. Note that the Γ-X is 11 times smaller as we calculate for a supercell which is 11 times longer, and the band structure will be folded and repeated 11 times in the rest part. It is found that new flat modes, referred to as defect modes or cavity modes, appear inside the previously observed band gaps. These band structures are attributed to the coupling between the cavity and the perfect PnCs. Two cavity modes are predicted in Fig 7(a) , respectively at 479.5 MHz and 538.5 MHz. In  Fig 7(d) , another two are at 401.4 and 475.9 MHz. The corresponding displacement fields of the cavity modes are shown in Fig 7(c) and (f) . The displacements are concentrated in the center of the model (in the cavity) and attenuated at both ends. Inside the cavity, the displacements are uniform throughout the defect with maximums near the edges. It can be seen that the cavity modes for r = 0.2a are more confined to the surface than that for the radius of 0.3a. In Fig 7(d) , the flat mode on the upper limit of the band-gap region is not referred to as a cavity mode, since its displacement is no more concentrated in the cavity . Fig 7(b) and (e) show the normalized transmission spectra with and without the cavity in the PnCs, for the two different radius, calculated with 4 holes on each side of the cavity (N P nC =4). For r = 0.2a, two obvious peaks are found at 478 MHz and 540.6 MHz, consistent with the predicted resonant frequencies with small shifts due to the numeric mesh construction process of the FEM. These two flat cavity modes give rise to the highly confined transmission peaks. This means the cavity enables the propagation of waves that are otherwise forbidden in the perfect PnC. Each of the two transmission peaks possesses an antisymmetric line-shape, referred to as Fano resonance. The 1 st transmission peak starts with an anti-resonance and ends with a resonance, while the 2 nd transmission peak possesses the opposite behavior. In Fig 7(e) for r = 0.3a, only a small dip is found at 403.2 MHz, corresponding to the first defect mode in the band-gap region. This resonance is rather difficult to recognize from the band-gap bottom. Furthermore, no resonance has been found at the 2 nd predicted resonant frequency, which is referred to as a deaf mode. These phenomena might be resulting from the less confinement of the cavity modes for r/a = 0.3. In other parts of the band-gap region, a superposition of the two curves is observed. Fig 8(a) shows the eigenfrequency-radius relation of a 5 holes removed supercell (W =5a), with 3 holes on each side of the cavity (N P nC =3), calculated at the limit of the BZ (point X). Between the two black curves is the band-gap region of the perfect PnC. Two cavity modes are already in the band-gap region when r/a is near 0. They are separated with a certain distance as the radius increases. The two modes below penetrate into the band gap and become the cavity modes. It seems that the four cavity modes have a tendency to reach a similar distance from each other, referred to as mode spacing, the same way as the Love modes with r/a close to 0. Once this distance is reached, the lower external modes will cut in and their frequencies will be little affected by the normalized radius of the PnC. The modes outside are disturbed when approaching the band gap, and begin to surround this region. However, a larger radius of the holes and a lower order of the cavity modes result in a deeper mode energy (less confined to the surface), leading to a drop of energy transmission. The lowest cavity mode that ap- pears around r/a=0.45 becomes even difficult to recognize. This explained the different transmission peaks for the r = 0.2a and r = 0.3a defect-containing PnCs. For this reason, we change the radius of the holes for our PnC to r = 0.2a in the rest of this paper, corresponding to a band gap extending from 426.8 to 555.5 MHz .   Fig 8(b) is the eigenfrequency-cavity width relation of a supercell with r = 0.2a, calculated at point X. Inside the band gap denoted in blue are the cavity modes. As the cavity width increases, the frequencies of cavity modes decrease and modes with higher order appear (denoted by numbers). Apart the 1 st cavity mode, other modes are in pairs, and each pair is twisted outside the band-gap region and mutually merged. In our range of measurement (for W from −0.6a to 6a), the confinement of Love modes in the band-gap region is better for a larger cavity width (W > 3a) or a squeezed cavity width (W < −0.3a) . As the order of the cavity modes increases, the modes become less inclined, providing a larger cavity width range for each mode inside the band-gap region. For example, from 1a to 2.3a for the 3 rd cavity mode, and from 3a to 4.7a for the 5 th cavity mode. The wave period in the cavity increases by one-half for every higher mode order.
According to the cavity modes predictions in Fig 8(b) , the transmission peaks of cavity modes can be displaced inside the band-gap region by changing the width of the cavity. The fifth and sixth cavity modes are shown as examples in Fig 9. As the cavity width increases, the resonant frequency of each cavity mode decreases, with However, significant changes in shape are observed. This can be explained after carefully observing the dispersion curve of each peak. It is found that the group velocity is negative for the 5 th cavity mode and is positive for the 6 th cavity mode. This is not influenced by the change in cavity width. However, the continuity and homogeneity of the dispersion curves are altered. A well confined (denoted in red) and smooth dispersion curve gives rise to a high and sharp transmission peak, see the cases of W = 4a and W = 5a for the 6 th mode in Fig 9(b) . If the mode is leaky (denoted in white) somewhere in the dispersion curve and causes the curve to break (discontinuity or non-smoothness), the corresponding transmission peak might be affected, in terms of height and/or sharpness. The transmission peak of the 6 th mode is perturbed on a W = 5.5a cavity, exhibiting a shift at the resonant frequency compared to the dispersion curve, which might be another explication of its shortened peak. A confined mode at point X is hence only a prerequisite for a high and sharp peak. The dispersion curves for the 6 th cavity mode are more compact than the curves for the 5 th mode, as it possesses a larger range of cavity width within the band gap. Fig 10 shows the influences of the number of PnC holes (the crystal size) on the formation of peaks. As N P nC augments, the band-gap effect increases and it becomes harder for the waves to penetrate through the crystal, so the cavity peaks become shorter and sharper. The 1 st transmission peak (at 478 MHz) drops more quickly than the 2 nd peak, due to the enhanced band-gap effect in the center of the band-gap region, and eventually disappears after N P nC exceeds 7. On the other hand, insufficient crystal size (N P nC below 4) results in the blunt peaks, i.e., insufficient to filter out waves in the band-gap range other than the cavity frequencies. The changes in quality factors (Qs) of the two peaks are shown in Fig 11. As N P nC augments, the Qs have a tendency to increase and then decrease. The Q of the 1 st resonant mode decreases earlier due to its rapidly shortened peak. The Q of the 2 nd peak reaches a maximum (1100) at N P nC = 7, where a highly confined cavity mode appears at 540 MHz, shown in the inset of Fig 10. It begins to decrease at N P nC = 8, owing to the shortened peak. For this reason, the crystal size should be properly chosen to keep a good quality factor as well as an isolation of the cavity modes. It is further confirmed that in our range of measurement (3 ≤ N P nC ≤ 8), the eigenfrequencies of cavity modes are independent of the crystal size, with only slight frequency shifts on the transmission peaks, which is mainly due to the mesh construction of the FEM.
III. CONCLUTION
In summary, we have presented the evidence of a partial band gap for Love waves propagating in a PnC consisting of holey square arrayed silica film on a 90ST-cut quartz. Cavity modes in the phononic band gap for Love waves are first demonstrated by removing lines of holes from the guiding film. The transmission peaks of cavity modes in the band gap of the perfect PnC is attributed to the appearance of new flat modes in the band structure. The transmission spectra are proved to be consistent with the band structure predictions. The resonant frequencies of cavity modes are related to the cavity width. A well confined and flat cavity mode, as well as a properly chosen PnC size, is essential for obtaining sharp transmission peaks. This study could be used for potential applications of Love wave-based PnC devices.
